Length frequencies are essential data for fish stock assessments, particularly for longer-lived species. They are usually provided by commercial vessels, or by port sampling, observers, or sample-vessel programmes, but each of these has limitations. Collection by sample vessels might be the most balanced way if the data quality is verifiable. We introduce a photograph-based length-measurement approach for sample vessels to photograph fish images with a calibration board, using a regular digital camera to obtain length estimates that can be verified after the images are transformed to reduce errors of perspective distortions. We analyse this approach under ideal conditions, develop a set of objective criteria for choosing acceptable photographs from observers, and compare estimated lengths for bigeye tuna (Thunnus obesus) based on this approach with lengths measured by observers. The criteria can serve as guidelines for photographing: if images are captured following these guidelines, the approach shows the potential for obtaining cheaply a large quantity of length estimates that deviate around 3% (up and down) on average from the actual measurements taken by observers.
Introduction
Estimates of the length frequency distribution of commercial catches are essential data input to fish stock assessments, particularly for long-lived species. Length frequency data can provide valuable information on the age composition, mortality, and growth rates (Hilborn and Walters, 1992; Jennings et al., 2001; King, 2007) . Recently, such data have also been incorporated directly into population models (Quinn and Deriso, 1999) . The stock status of many commercially important tuna species, such as bigeye tuna (Thunnus obesus), have received worldwide attention because many of them have been overexploited or reached full exploitation (Majkowski, 2007) . To improve stock assessments on the species, the availability of length data associated with time and location information is required in the data-provision resolutions adopted by all Regional Fisheries Management Organizations (RFMOs) on tuna stocks (e.g. Resolution C-03-05 of the Inter-American Tropical Tuna Commission).
The most common source of length data is from commercial vessels (Jennings et al., 2001) . However, in recent RFMO scientific meetings and/or directly reflected in the meeting reports (i.e. IOTC, 2006 IOTC, , 2007 , it has been stated that the length data obtained from this source are biased and not reflective of actual catch-at-length data for many fishing nations. The bias is the result of measurement error or insufficient sample size.
Port sampling by scientists is another common means of collecting length data. It is generally recognized that port sampling provides accurate length and associated data for coastal or demersal fisheries that undertake short fishing trips to restricted fishing grounds (although even here a supplemental at-sea sampling programme is sometimes required for detailed analysis, as noted in Borges et al., 2006) . For highly migratory tuna species, however, it is difficult to collect length data with sufficient temporal and spatial specificity, because many tuna longline vessels have lengthy trips (up to several months at sea) and cover wide areas before landing their catch. Moreover, much of the high-valued tuna catch is trans-shipped at sea, leaving little opportunity for sampling the length (Schurman, 1998; Anon., 2003) .
As a result, the most practical means of obtaining length frequency data with a high level of spatial and temporal resolution is by collecting the measurements at sea at the time of capture. Observers provide the best source of such data. However, to deploy observers is expensive, and many countries either cannot afford to implement an observer programme or can only conduct limited programmes with low statistical reliability.
Commissioning specific commercial fishing vessels, referred to here as sample vessels, to collect length data at sea might be a solution to the problem. Generally, the work is carried out on a voluntary basis, but more often, incentives in the form of additional quota or rewards are required to promote cooperation. The approach can provide relatively high-quality data for little cost when statistically sound sampling protocols are implemented accurately. However, in the experience of some of the current authors as fishery officials, many vessels that accept the incentive and "voluntarily" participate do not follow established protocols and in some instances fabricate the data. Moreover, the data obtained are difficult to verify, which has already been noted as a common problem with commercial logbooks. To ensure that measurements are taken accurately, a system for sample vessels to record length data that allows for verification is necessary. Such a system needs to be capable of collecting large sample sizes, must be easy to use, and should be robust to the conditions at sea. Finally, such a system needs to have a relatively low implementation cost for it to be widely acceptable.
There has been extensive research into the development of accurate automatic length-measurement approaches in past decades, including electronic measuring boards (Chaput et al., 1992; Sigler, 1994; Øvredal and Totland, 2002) , photographic image analysis (Zion et al., 1999 (Zion et al., , 2000 Kohler et al., 2002; White et al., 2006) , and stereo-photography or video analysis (Van Rooij and Videler, 1996; Harvey et al., 2002 Harvey et al., , 2003 and citations in Dunbrack, 2006) . Although these approaches are capable of providing accurate length measurements, there are significant limitations that affect their adoption by commercial tuna longline fishers during normal operations. Either they provide no data for verification analyses or they are difficult to implement aboard tuna sample vessels owing to limited deck space and the large size of the fish. In addition, the equipment tends to be expensive and too complex for longline fishers to operate and maintain.
Here, we introduce a simple alternative approach that commercial sample vessels can use to provide reliable length measurements of their catch. Using a cheap, accessible digital camera, fishers are asked to take photographs of fish that have been placed next to a plastic board with colourful squares used as a calibration device. By image transformation to reduce errors of perspective distortion resulting from differing and skewed shooting angles and distances, the fish lengths can then be estimated ashore by technicians directly from the images of the fish and the calibration board on the photographs. Here, we (i) analyse this approach under ideal conditions, (ii) develop a set of objective criteria for selecting acceptable photographs taken by observers aboard tuna longliners, and (iii) compare estimated lengths of bigeye tuna based on this photographic approach with lengths measured directly by observers. The criteria can serve as guidelines for participating fishers when photographing fish for length estimation. In our opinion, the approach can yield cheap and plentiful fish length estimations within 5% of the actual measurements taken by trained observers, and within 3% if the photographs are taken following the guidelines recommended.
Material and methods

Calibration board and correcting the perspective distortion of the images
By taking a photograph of the target object (the fish) together with a calibration object of known size, the length of the target object can be estimated from the proportional relationship between images of the target and the calibration objects. However, it is well known that when the image of the target object is shot from different horizontal directions and/or vertical angles, the geometric relationship between the target and calibration objects will be affected. The proportional relationship will be distorted, and the magnitude of the distortion will depend on the shooting direction/angle, which is generally unknown. Unless the distortion can be taken into account, there will be unknown and potentially large errors in the resultant estimate of length. To avoid these errors in length estimation, the digital images of both the target object and the calibration object need to be transformed to adjust for the distorted and varying geometric projection.
For this purpose, we designed a calibration board using small squares of known size as the calibration object (Figure 1 ). The board is made of acrylic, contains eight 12.5 cm solid-coloured squares (4 Â 2), and has a total dimension of 50 cm in width and 25 cm in height. There are four colours on the board, red, yellow, blue, and white, which help to delineate boundaries.
Before estimating the size of the target object from the images through the above-mentioned proportional relationship, inverse perspective transformation was computed by mapping the four corner points of the distorted reference square (an arbitrarily specified small square on the calibration board used as the standard for length estimation) on the original image to the corners of a square of appropriate size in the new corrected image. In this way, errors of measurement attributable to perspective distortion were reduced. Mathematically, the inverse perspective transformation can be derived by homogeneous coordinate transformation and expressed in the following form (Hartley and Zisserman, 2004 ):
where (x, y) and (x', y') are the image pixel coordinates before and after correcting the perspective distortion, respectively, and a 0 , a 1 , a 2 , b 0 , b 1 , b 2 , c 0 , c 1 , and c 2 are the conversion coefficients that are linearly dependent on each other. By rearranging Equations (1) and (2), the following two equations can be obtained for each point correspondence
Four point correspondences and four corner points of the reference square on the calibration board lead to eight linear equations that are sufficient to solve for the conversion coefficients. With the solved coefficients, inverse perspective transformation is then applied to the whole distorted image to remove the effect of perspective distortion and hence to obtain a corrected image for later measurement and analyses. The estimated length of the target object or the fish (to 1 cm) can then be obtained from the proportional relationship between the images of the fish and the reference square on the calibration board (12.5 cm for each small square on the board):
where L E , L IF , and L IR are the estimated length of fish and the measured lengths of the fish body image and the reference square image, respectively. An example of a distorted image and the corrected image is provided in Figure 1 . The length-measurement and image-transformation procedures were incorporated into user-friendly computer software. The software was developed using Borland Cþþ Builder, version 6. Users need only click with a mouse or a touch pen to obtain a length estimate. The main steps (click-and-get procedures) that a user needs to follow are: (i) upload the fish photograph; (ii) select one small square on the image as the reference square and click on the four corners (click points) using the mouse or touch pen for image transformation; (iii) click on the two boundaries of the reference square for measurement of L IR ; and (iv) click on the tip of the snout and the fork of the tail for measurement of L IF (for fork-length estimation). The software will calculate and show the estimated length L E .
Performance under ideal conditions
To examine the performance of this photograph-based lengthestimation approach, images of known-size paper rulers placed alongside a calibration board were taken under compound matrix designs, as listed in Table 1 . There were two sizes of paper ruler: 100 and 200 cm, each with 1 cm intervals. The length accuracy of the paper rulers was verified using a standard measuring ruler. From the results of this analysis of performance, a set of photographing guidelines for sample vessels was derived to secure good-quality photographs with good length estimates. These guidelines also served as criteria for screening good-quality photographs taken by observers for later practical application.
Two digital cameras were used for probative tests: a Pentax Optio E50 and a Sony Cybershot DSC-T2, both with 8.1 megapixel CCD, 3Â optical zoom, and auto-focus function. Focal lengths were 35 -114 mm for the Pentax camera and 38 -114 mm for the Sony. The test demonstrated that an image with a resolution of 1280 Â 960 pixels was sufficient for the approach, though an image at higher resolution was always better. The images used for the examination were taken at a resolution of 2048 Â 1536 pixels, with a file size of 1.4 MB after compression. The Sony camera, with 4 GB of memory, was used for all the examinations. The estimation process was conducted on a desktop computer with Intel Core 2 Duo E7300 CPU and 19 00 LCD monitor.
Evaluation designs
Four major factors were considered in the evaluation: the position of the calibration board, the size of the object (the ruler), the horizontal shooting direction (H. direction) when photographing, and the vertical shooting angle (V. angle).
In rough working conditions at sea, the calibration board can be put anywhere in relation to the fish, so to test this effect, the board was placed in two positions: next to the centre of the object at a 458 angle and parallel to the ruler. In the first position, here referred to as Bd045, the reference square became diamondshaped in relation to the object in the image. In the second position, referred to as Bd180, the reference square maintained its square shape in relation to the object. Rulers 100 and 200 cm long, which are the general sizes of albacore (Thunnus alalunga), and bigeye tuna caught by the longline fishery, respectively, were used to test the effect of object size. To make the click points of the object clearer to the estimator (the software user), the image of the object was covered completely in the photograph, and made as large as possible. (If necessary, this can be accomplished by using the zoom-in function that is almost a default function of most digital cameras in the market.) Note that the definition of the click point images in the photograph is subject to the size of the object: the larger the object, the smaller the click points in the image.
Fish can be photographed from different H. directions and V. angles, and the impact of these variations was tested. Under ideal conditions, we assumed that the photograph was usually taken by a photographer at about a 458 angle to the object. Under that condition, three major H. directions were tested relative to the object: in front of and perpendicular to the object (referred to as dr90), and a step right and a step left of centre by 458 to the fish (both directions referred to as dr45).
The above combinations form the basic set of evaluations (Table 1) , in which the V. angle was fixed at 458 for all tests. In normal situations, the photographer tends to stand directly in front of the object (H. direction dr90), and the V. angle may change because of the distance between the photographer and the object. The greater the distance, the lower the V. angle when the camera is fixed at "normal eyes position" of a standing photographer, and vice versa. Therefore, an additional set of analysis designs was performed in which the H. direction was fixed at 908 for two additional V. angles (Table 1) : from top view and straight down (908 to object, referred as ag90), and squatting down with the shooting angle down to 108 to the object (ag10). As the 200-cm ruler was too long to be captured directly from top view (ag90) by a photographer 1.6 m high (the average height of an Asian crew), only ag10 photographs were taken for this additional design.
Replications and estimation errors
Three photographs were taken for each test design, and for each, three replicate length measurements were conducted. Hence, nine replicates were obtained for each design to assess the consistency among estimates. All estimates were made by one trained user to avoid the variations that might result from the influence of the estimator. In all, 54 photographs were taken and 162 length measurements made (108 estimates for the basic design and 54 for the additional design). For each computed length measurement, the estimation error (e) between the estimated (L E ) and actual length (L A ) of the object was calculated as
Variation in estimates with length
To reveal the possible trend of e with size, three standardized photographs of fish were taken of the 200-cm ruler with the calibration board parallel to the ruler (Bd180). To ensure standardization, all photographs were shot perpendicular to the object (dr90) at a V. angle of 458 (ag45). Length estimates were then made from the photographs at distances progressively increasing by 10 cm, starting from the centre of the ruler: the first estimate was taken for 95-105 cm (10 cm long), the second made for 90-110 cm (20 cm long), etc., until the final estimate for 0-200 cm. Statistical means for each 10 cm bin were calculated, and a linear regression was performed to test for trends in the estimate variance.
Practical application to estimating the length of bigeye tuna
Taiwan has conducted a scientific observer programme since 2001 in the Indian Ocean (Shiao et al., 2008) . In 2002, the programme expanded to cover longline vessels operating in the Atlantic and Pacific Oceans. The main task of the observers has been to collect detailed fishery information and biological samples (e.g. length measurements) from both target and bycatch species. Starting in late 2004, observers were also required to take photographs of tuna brought on board, with the calibration board alongside the fish. Between 2005 and 2006, .5000 fish photographs of different tuna and tuna-like species were taken by observers on board distant-water tuna longline vessels in the three oceans. Most of them are of bigeye tuna, the primary target of the Taiwanese longline fishery.
To assess the utility of the photograph-based length-estimation approach to bigeye tuna, 300 photographs of bigeye tuna were selected based on the screening criteria derived from the performance evaluation above. They were derived from six observers aboard seven longline vessels targeting bigeye tuna in the three oceans from June to December 2005 (Table 2) . Length estimates were made from these fish photographs and the estimated length frequency distribution statistically compared with the observers' recorded length distribution using a Kolmogorov-Smirnov twosample test (Daniel, 1990) . A linear regression was also performed on the two length datasets to assess the variance between the observed and the estimated measurements.
Effect of height of the target object: practical application vs. ideal conditions
The above evaluations were conducted under ideal conditions whereby the target object (the ruler) was attached directly to the floor. In reality, the target object (the fish) lying on the floor has a third dimension (height). To test the effect of height on the accuracy of the estimate, an additional test was conducted by lifting the ruler by 10 cm. Three photographs were taken for three V. angles of 458, 608, and 758, and four replicate estimates were made on each photograph at different size points (50, 100, 150, and 200 cm) for this evaluation.
Results
Performance examination under ideal conditions
The precision of length estimations among replications of each photograph was examined. Standard deviations (s.d.) of the length estimates were calculated for each. Their averages by major categories of performance-examination designs and before/after image distortion correction are listed in Table 3 . The results show that average values of s.d. are generally ,1. (ii) In general, placing the calibration board parallel to the object (Bd180) provided substantially lower values of e. (In the basic designs, the average was 4.80% as opposed to 14.16% for uncorrected cases, and 0.44% as opposed to 2.27% for corrected cases.) (iii) Estimates for larger objects (200 cm) tended to produce higher values of e, but the error was reduced substantially by applying the distortion correction procedure (e.g. for Bd045, dr45, and ag45, the error declined from 16.78% before correction to 4.00% after correction). A probative trial result (not shown here) suggested that making the estimation in a larger LCD monitor might also help to reduce the error.
(iv) Standing right in front of and perpendicular to the object while photographing (dr90) provided the lowest value of e, especially after distortion correction.
As dr90 provided better estimates, additional tests under the dr90 condition were designed to examine the performance from different V. angles (Table 4) : shooting from a straight top-down view (ag90) and from a squat position (ag10). The results, however, failed to show a substantial improvement over the ag45 condition. In fact, shooting from a squat position gave the worst estimates. As expected, the ag90 condition provided relatively lower values of e than the other conditions in all the beforecorrection estimates, and the correction had almost no effect on estimate performance in this condition. When shooting from directly above the object (top-down view), the image had little or no distortion, so the distortion-correction procedure produced little improvement.
Based on these results, a set of guidelines for photographers taking fish images to estimate length using the photograph-based approach can be developed. The recommended guidelines are as follows: (i) the calibration board should be placed in front of and parallel to the fish (Bd180); (ii) the photographer should stand right in front of the fish and, to the extent possible, the H. direction should be perpendicular to the fish (dr90); (iii) the V. angle should range from 458 to 908 (ag45 -ag90); and (iv) the photographer should aim for good contrast in the photographs, ensuring that the click points are clear and visible. 
Collection of verifiable tuna-length data from photographs
Variation in estimates with size
According to the guidelines developed above for producing good quality photographs, three images of the 200-cm ruler were taken, and progressive length measurements at increases of 10 cm were made to demonstrate the variance between estimated and actual lengths. The distribution of the averages of the three estimated lengths against the actual lengths suggests that the photograph-based approach tends to underestimate length and that the deviation tends to increase with size ( Figure 2 ). However, after distortion correction, the variance became small (1 cm difference for a 200-cm estimate, e ¼ 0.5%), and the slope of the regression on corrected length estimates against actual lengths was very close to 1.
Practical application to bigeye tuna length
The guidelines developed above were used as objective criteria to screen the bigeye tuna photographs taken by observers. An example is given in Figure 3 . Length estimates on the 300 photographs were conducted with the distortion-correction procedure, and values of e were calculated from Equation (6), with L A being the length measured by the observers. The resulting values of e are shown in Figure 4 , with an average of 3.17% and an s.d. of 4.99%. The high average and s.d. are derived mainly from the 29 estimates that had values of e . 5%. Two additional estimates were made from each of these 29 photographs, and the s.d. of the three estimates was calculated for each image. The average of the s.d. was 0.79% (n ¼ 29), indicating consistency in the estimates and implying that the high values of e were not the result of the estimating process itself. As the photographs were taken in 2005 and many of the observers were no longer available for consultation, we investigated only 7 of the 29 photographs for possible causes of the high value of e. By consulting the observer who undertook the measurement, it was determined that six records (86%) were in error due to a keypunch or translation.
As most of the observers of 2005 could not be contacted, there were two options to deal with the 29 outliers to continue the evaluation: (i) include them as is, and (ii) delete them from the records. Considering that the outliers were very likely biased, option (ii) was adopted. A regression of estimated length against observed length was obtained from the final dataset ( Figure 5 ). The slope of the regression was very close to 1, indicating almost no deviation of the estimated length from the observed length. The value of e in this application was generally small and ,2% on average (average 1.88%, s.d. 1.09%). Figure 6 shows the frequency distributions of estimated lengths together with observed lengths, and the application of a Kolmogorov-Smirnov twosample test detected no significant differences between the two distributions (p . 0.10, n ¼ 271). Even if we had adopted option (i) to deal with the outliers, the conclusion would still hold (p . 0.10, n ¼ 300), demonstrating that the photograph-based estimation approach did not significantly change the length frequency pattern of bigeye tuna from the observer dataset.
Effect of height of target object on estimation accuracy
The additional test on the effect of height on estimation accuracy revealed that the average error ratios [(L E 2 L A )/L A Â 100%] are 3.58 +1.26, 2.89 +0.81, and 0.42 +0.47% for the three shooting angles of 458, 608, and 758, respectively. These values of error ratio are all positive, meaning that increasing the height of a target object tends to result in an overestimate of length. This overestimate could be offset by increasing the V. angle (the 758 V. angle had the lowest error ratio). Considering this result, all bigeye length estimates from the photographs taken by observers are expected to have been overestimated, and this can be accounted for by the fact that the selected observer photographs were taken at a V. angle close to, or larger than, 758 (Figure 3) . This finding becomes a supplementary proposal to the third guideline: when the estimating points (the click points) of the fish are within a certain height range (e.g. 10 cm), the V. angle should be !758.
Discussion
Benefits of the approach
Length measurements are among the most common information collected in fisheries research, and because of their importance, most RFMOs that include tuna fisheries regard the collection of such data as a primary obligation of their members. A major advantage of the photograph-based approach designed here is that it allows commercial longline vessels to collect fish images at sea using a regular digital camera, obtaining verifiable length estimates later on shore. (The approach can be applied to other types of fishing vessels if a suitable sampling protocol is implemented to deal with bias.) Additional benefits include the following.
(i) The procedure does not need pencil and paper; it therefore avoids the possibility of transcribing/keypunching errors as mentioned earlier. -2006-06 and CMM-2007-02) . The photographs taken have the date printed on it, and if the vessel has installed a VMS, this photograph-based approach could provide length estimates with accurate spatio-temporal information through acquiring GPS position from the VMS.
(iii) The fish image can also provide species identification information when such concerns are raised, particularly if the catch represents a major change in the perceived home range of the species. Such concerns were raised during a meeting of the Commission for the Conservation of Southern Bluefin Tuna (CCSBT) on the validity of southern bluefin tuna data collected off the South American coast (CCSBT, 2004) .
(iv) Compared with other photograph-based approaches, only an ordinary camera is required. Digital cameras with high pixel resolution and auto-focusing functions are inexpensive, ranging in price from US$120 to US$250 for the two models of digital camera mentioned previously. The storage memory is also large enough in these inexpensive cameras to satisfy the requirement of large sample size. For example, the camera used in this study was built with 4 GB storage memory and was able to store some 2700 images with 2048 Â 1536 pixel resolution. With an additional memory card of similar size, the camera could therefore provide 5400 fish photographs from a sampling trip. The concept of this photograph-based approach was developed in 1997 (Chang, 2007) , and a trial was successfully made then, requesting sample vessels to provide photographs of tuna catches using a general mechanical point-and-shoot camera. Currently, a digital camera can be purchased for almost the same price as the mechanical camera in 1997, placing it well within the budgetary constraints of most fishing nations.
Magnitude of the estimate error
The main concern with this approach might be the accuracy of the length estimates. Several performance tests (Table 1) have been conducted under ideal laboratory conditions using paper rulers with verified lengths in 1-cm intervals as the target object (replacing real fish). The precision analysis of the length estimates among replications in Table 3 shows that the subaverage of the s.d. of the estimates is relatively smaller for small objects Collection of verifiable tuna-length data from photographs (100 cm) when the calibration board is parallel to the object (Bd180). Although all the values of s.d. were larger for the images after distortion correction than before correction (an error that might be attributed to the correction procedure blurring the click points, resulting in differences between replications), all the averaged values of s.d. were ,1, indicating a precision of ,1 cm for the estimating procedure.
Results of the performance tests (Table 4) indicate that many factors will affect the accuracy of the estimates, and the resulting values of e are ,5% after distortion corrections. From these results, a set of guidelines to obtain better quality photographs for length estimation has been proposed. Implementing these guidelines can lower the average value of e to ,1% (average 0.3%, s.d. 0.16, n ¼ 6). Follow-up analyses on the variances suggest a small negative bias with size (Figure 2) , in which the length of a large object is underestimated, with a maximum underestimate of 0.7 cm for an object 200 cm long (calculated from the regression).
In reality, target objects (the fish) have some associated height when lying flat on a deck, and this would influence the accuracy of photograph-based estimates (causing overestimation of length). The height of fish differs according to fish species, fishing season, and fishing location. Bigeye tuna, for instance, have a greater height than albacore tuna. Based on observers' estimates in August 2008, the height of bigeye tuna was around 25 -35 cm in the tropical Atlantic and some 15 -20 cm in the temperate Atlantic. By increasing the V. angle, the associated impact would be minimized, and at a V. angle of 75º the average e for bigeye tuna would be 2% (Figure 5 ).
The results in Table 4 show that, as expected, the ag90 condition without distortion correction produced relatively lower values of e (3.92 and 4.22) than the other conditions (in which, the e rose to 27.67), and the correction procedure provided little improvement on the estimate for the ag90 condition. Nevertheless, the distortion-corrected values of e in the conditions suggested by the photographing guidelines (0.17 for a 100-cm object and 0.33 for a 200-cm object) are much lower than for ag90. Moreover, this approach is mainly designed for commercial tuna vessels operating on the high seas, where there is a minimal chance of taking good, complete photographs from a 908 V. angle in the varying sea conditions on large fish species such as tuna or billfish, and by busy, usually inattentive fishers. The photographs are always somewhat distorted, so distortion corrections are needed to obtain better estimates of length from photographs.
Fishery biologists may argue that a value of e of 1% in ideal situations, or 2% in the practical application to bigeye data, will still affect age estimates, especially for older fish when growth rates are slower. In a perfect data-collection system, such errors may be meaningful. However, an array of measurement errors is generally embedded in any data-collection system, and the real issue centres on the magnitude of e.
From the experiences of some of the current authors in managing Taiwanese longline fishery data, there were many possible errors in length measurements collected by fishers, so the length data provided by fishers were often considered to be questionable (Stocker, 2005) . Most measurements made at sea by fishers are not accurate to 1 cm, especially for large fish (i.e. marlins); to achieve accuracy within 1 cm requires good sea conditions and extra manpower, which would be a luxury on longliners. It is common for tuna RFMOs to provide size data in 2-cm intervals for tuna species and in 5-cm intervals for billfish (IOTC: http:// www.iotc.org/English/meetings/wp/wpttcurrent.php; ICCAT: http://www.iccat.int/accesingdb.htm). Hence, it would seem that the errors resulting from the length-estimation approach proposed here would be negligible when the lengths are aggregated into 2-or 5-cm intervals.
Efficacy of the approach
As illustrated above, the effective application of this approach requires the four guidelines to be followed. When applying this photograph-based length-estimation approach, additional functions of the camera also need to be taken into account. The camera is an electronic device that can easily malfunction under harsh sea conditions. Therefore, it is important to provide sample vessels with cameras that are waterproof and shockresistant to some level. In addition, a system to catalogue and backup photographs is necessary as another layer of precaution.
For estimation purposes, the size of the calibration board can be shorter than the one used in this study, provided the reference squares have sufficient pixel resolution for the length calibration. The board is made of acrylic and is prone to break under harsh conditions. Therefore, an alternative design of calibration board that is resistant to breakage and bending, as well as being lightweight, is an important next step to ensure effective implementation of this photograph-based approach.
